Abstract. X-ray magnetic circular dichroism (XMCD) of the Er L absorption-edges is studied in the Laves phase compound ErFe 2 in order to confirm the mechanism proposed: XMCD spectra are dominated by the electric dipole transition from the core 2p states to the magnetically polarized Er 5d states, which are caused by (i) the intra-atomic exchange interaction of 4f electrons, with the enhancement of the dipole matrix element, as well as by (ii) the hybridization with the spin-polarized Fe 3d states. In addition, (iii) the electric quadrupole transition contributes appreciably. We point out that one can observe a novel temperature effect on the XMCD spectrum of Er at L 2 edge, since it consists of the contributions (i), (ii) and (iii) having a comparable order of magnitude but different signs and temperature dependences. We discuss the resultant temperature dependence of the XMCD spectrum with that recently observed in ErFe 2 .
INTRODUCTION
A rare-earth (RE) and iron (Fe) compound in the Lavesphase, RFe 2 (R=rare-earth), is one of the prototypes of metallic magnets for fundamental magnetism as well as for industrial applications. In such a intermetallic compound, it is highly desirable to obtain information on RE 5d states separately from other shells, since RE 5d electrons control its magnetic property, mediating the major magnetic moment of RE 4 f electrons and that of Fe 3d electrons. Recent progress of synchrotron light sources has enabled us to study such detailed information by the x-ray magnetic circular dichroism (XMCD) of the xray absorption spectroscopy (XAS), which provides electronic and magnetic information on a selected atom and on a selected shell.
It is, however, noted that there had been some confusions before one obtained a proper mechanism for this XMCD at L 2,3 edges of RE. Matsuyama et al. [1] and independently van Veenendaal et al. [2] proposed a mechanism to overcome the difficulty in the explanation of XMCD spectra in these materials. Based on the mechanism proposed, Harada et al. [3] applied it successfully to the entire series of RFe 2 . [4] They revealed that the XMCD spectrum consists of the electric dipole (ED) contribution and the electric quadrupole (EQ) contribution, the former of which depends on the detailed polarization of the RE 5d states while the latter of which is dominated by the rather localized 4 f states. In this connection, a separation of ED and EQ contributions in the L 2,3 MCD spectra of Tb metal has been discussed by Wende et al. [5] For the ED contribution, the intraatomic exchange interaction of the RE 4 f states influences dominantly the polarizations of the RE 5d electrons and hence the XMCD spectra. In addition, it is important to realize the novel role of the intra-atomic exchange interaction, the enhancement of the 2p-5d dipole matrix element, which is indispensable for a proper understanding of XMCD at RE L edges. Especially for the XMCD spectra at the L 2 edge of the light RE elements and those at the L 3 edge of the heavy RE elements, this enhancement effect plays a dominant role, while, in other cases, the hybridization with the spin-polarized 3d states plays a comparable role.
In this paper, we focus our attention to the XMCD spectrum at the Er L 2 edge of ErFe 2 , in which various contributions mentioned above are comparable, and try to confirm the mechanism from another point of view: the temperature dependence of the XMCD spectrum is discussed in connection with the one observed recentry in ErFe 2 , [6] which seems to be curious at first glance but is explained successfully by our theory. Then, we conclude our discussions with some remarks.
MECHANISM OF XMCD
In order to discuss XMCD, we first obtain the electronic structure of RFe 2 , using the tight-binding approximation for the RE 5d states and the spin polarized Fe 3d states.
The Hamiltonian considered in this paper is
where the operators d †
represent, respectively, the creation of an electron in the RE 5d μ state and of an electron in the Fe 3d ν state. Here μ(ν) denotes the combined indices of the z-component of the azimuthal quantum number, m 5d (m 3d ), and that of the spin quantum number, s 5d (s 3d ), for 5d electrons (for 3d electrons). The first and the second terms, respectively, describe the energies of the 5d and 3d levels:
The effects of the exchange field due to the 4 f electrons in the Hund's rule ground state and of the weak one due to the 5d electrons are taken into account in ε 5d (m 5d , s 5d ), where c k (lm l , l m l ) is proportional to the Clebsch-Gordan coefficient, R m is introduced to simulate the thermal reduction of the RE magnetic moment, reducing G k , which denotes the 5d-4 f Slater integral, n m f ,s f the number of the 4 f electrons in the m f and s f state, and E 5d exc (Er)(= 0.2eV) the exchange field. On the other hand, ε 3d (m 3d , s 3d ) denotes the energy of the 3d states, where Δ(= −3.8eV) corresponds to the 5d-3d energy separation in nonmagnetic state and E 3d exc (= 1.1eV) represents the exchange field due to the ferromagnetic polarization of the 3d-electrons.
The third and forth terms represent, respectively, the 5d-5d and 3d-3d electron hopping, while the last term represents the hybridization between the 5d and 3d states. The band parameters, t i,i ,t j, j and t i, j , are evaluated as described in our previous paper. [3] Some parameters are further modified to obtain a better agreement with the experimental XMCD spectrum.
Fixing the parameters, we diagonalize the Hamiltonian and set the Fermi energy so that it gives reasonable numbers of the 5d and the 3d electrons. The density of states shows that the hybridization effect between the RE 5d and the spin polarized Fe 3d states is relatively strong only near the Fermi energy while the effect of the 4 f exchange field affects over all energy region of the 5d band.
Once the electronic states are obtained, we can calculate the XAS spectrum for each incident x-ray polarization. The enhancement effect is phenomenologically introduced [1] by the factor (1 − αε 5d (μ)) in the following absorption formulae:
for x-rays with positive (+) and negative (−) helicities. In the above formula, because of the 2p core hole lifetime, we have assumed the Lorentzian function L(x) = (Γ/π)/(x 2 + Γ 2 ), where 2Γ = 4.0eV. Here N is the number of RE atoms, the core hole state is denoted by p j( j = 1/2(3/2) for L 2 (L 3 ) edge) while the photo-excited 5d state is denoted by μ, E p j denotes the ground state energy with the core hole state p j, E n the final state energy,hω an incident x-ray energy and M ± the electric dipole transition operator. The value of α is assumed to be 0.6(1/eV) in this paper. Thus XAS and XMCD are given, respectively, by
In cases where we compare the calculated results with those observed, we add the EQ contribution calculated based on the atomic model [7] with the reduction factor R m , which simulates the thermal reduction of the RE magnetization and is the same as that for G k .
TEMPERATURE DEPENDENCE
It seems to be quite interesting to consider the temperature dependence of XMCD spectra at the L 2 edge of heavy RE elements, consisting of several contributions, each of which has the same order of magnitude but the own sign and the own temperature dependence, while, at the L 3 edge, XMCD spectra are dominated mainly by ED due to RE 5d -4 f exchange interaction. In fact, the recent measurement in ErFe 2 [6] exhibits quite novel temperature dependence of the XMCD spectrum at L 2 edge: with increasing temperature, one of the peak intensity increases while the other peaks decrease monotonically. Let us recall that ErFe 2 is a ferrimagnetic compound with a compensation temperature T com = 486 K and a Curie temperature T C = 587 K. Actually it is quite natural to expect a decreasing XMCD intensity versus increasing temperature since the intensity is proportional to the magnetization. However, in the case under investigation, there are differing contributions: (i) ED due to RE 5d -4 f exchange interaction, (ii) ED due to RE 5d -Fe 3d hybridization and (iii) EQ. The following remarks are pointed out for the XMCD spectrum at L 2 edge of ErFe 2 . The contributions (i) to (iii) have the same order of magnitude, and at the lower energy region (i) and (ii) have opposite sign and a considerable cancellation occurs (the sign of XMCD for (i) is negative and positive in low and high energy regions, respectively, that for (ii) is mainly positive, and that for (iii) is negative). At low temperatures the Er 4 f magnetization is larger than the Fe 3d magnetization, but with increasing temperature towards T com , the Er 4 f magnetization decreases more rapidly than the Fe 3d magnetization, so that the amplitude of (i) decreases more rapidly than (ii). Thus, it is possible to have the increase of the positive contribution (ii) with increasing temperature due to the decrease of the cancellation with the negative contribution (i).
In Fig.1 , we show a result of our calculations for the temperature dependence of the XMCD spectrum at the L 2 edge of ErFe 2 . In order to simulate the increase in temperature, the contributions of (i) and (iii) are reduced by introducing the reduction factor R m , while no reduction is made for (ii): R m = 0.4, 0.6, 0.8 and 1.0, which correspond, respectively, to the cases at 300K, 200K, 100 K and 0K, assuming the linear interpolation of the Er magnetization with the temperature. [8] . In the XMCD spectrum, the lowest energy peak with negative sign is due to (iii), the second-lowest-energy positive peak is mainly due to (ii) but overlaps with (i), the secondhighest-energy negative peak is mainly due to (i) but overlaps with (ii), and the highest-energy positive peak is due to (i). This result is in considerable agreement with the experimental result. [6] It is surprising that such an unusual temperature dependence of the XMCD spectrum, a peak-intensity increases with increasing temperature, can be reproduced by our theory.
CONCLUSIONS
In conclusion, studying the temperature dependence of the XMCD spectrum of ErFe 2 , we have established the mechanism of the XMCD at the RE L edges, which has been a matter of debate for long time. In general, the XMCD spectra are dominated by the polarization of the 5d states by the 4 f -5d exchange interaction including the enhancement of the dipole matrix element, which is the key ingredient to solve the problem. In some cases, the contribution of the hybridization with the spin-polarized Fe 3d state is the same order of magnitude as the former and, in addition, the quadrupole contribution at pre-edge region is also appreciable. Then, XMCD shows a variety of spectra.
Finally, we would like to point out that it seems to be quite promising to investigate the temperature dependence of the XMCD spectra experimentally and theoretically to obtain more detailed information on magnetic materials.
